Misfolding and aggregation of protein molecules are major threats to all living organisms. Therefore, cells have evolved quality control systems for proteins consisting of molecular chaperones and proteases, which prevent protein aggregation by either refolding or degrading misfolded proteins. DnaK/DnaJ and GroES/ GroEL are the best-characterized molecular chaperone systems in bacteria. In Caulobacter crescentus these chaperone machines are the products of essential genes, which are both induced by heat shock and cell cycle regulated. In this work, we characterized the viabilities of conditional dnaKJ and groESL mutants under different types of environmental stress, as well as under normal physiological conditions. We observed that C. crescentus cells with GroES/EL depleted are quite resistant to heat shock, ethanol, and freezing but are sensitive to oxidative, saline, and osmotic stresses. In contrast, cells with DnaK/J depleted are not affected by the presence of high concentrations of hydrogen peroxide, NaCl, and sucrose but have a lower survival rate after heat shock, exposure to ethanol, and freezing and are unable to acquire thermotolerance. Cells lacking these chaperones also have morphological defects under normal growth conditions. The absence of GroE proteins results in long, pinched filamentous cells with several Z-rings, whereas cells lacking DnaK/J are only somewhat more elongated than normal predivisional cells, and most of them do not have Z-rings. These findings indicate that there is cell division arrest, which occurs at different stages depending on the chaperone machine affected. Thus, the two chaperone systems have distinct roles in stress responses and during cell cycle progression in C. crescentus.
Caulobacter crescentus, an aquatic bacterium and a member of the ␣ subdivision of the Proteobacteria, produces two cell types: motile, DNA replication-quiescent "swarmer cells" and sessile, DNA replication-competent "stalked cells." The former are important for dispersion, and the latter are important for reproduction (65) .
Each motile swarmer cell has a single polar flagellum and several pili at one pole. CtrA, a DNA-binding response regulator that directly controls transcription of at least 95 genes in 55 operons (48) , is present in swarmer cells, where it binds to the C. crescentus origin of replication and blocks replication initiation (61) . Simultaneously, CtrA directly represses transcription of gcrA (35) , ftsZ (44) , and podJ (12) , blocking the early steps in cell division and polar development. Swarmer cells undergo differentiation to stalked cells, during which the polar pili, flagellum, and chemotaxis apparatus are lost and are replaced by a stalk that grows at the pole previously occupied by the flagellum. Concurrent with the swarmer cell-stalked cell transition, CtrA is degraded (60) , while DnaA levels increase (31) . The presence of DnaA, not just the absence of CtrA, is required to trigger an increase in GcrA levels and start the next wave of cell cycle transcription, which includes expression of genes encoding nucleotide biosynthesis and DNA replication enzymes. Thus, DnaA not only initiates DNA replication but also promotes the transcription of the components necessary for successful chromosome duplication and the transcription of ftsZ and podJ, starting the cell division and polar organelle development processes that prepare the cell for asymmetric division (35) .
More than 19% of the C. crescentus genes have discrete times of transcriptional activation and repression during a normal cell cycle (49) . For each cell cycle-regulated event, a set of associated genes is induced immediately before or coincident with the event (49) . The DnaK chaperone is synthesized at defined times in the C. crescentus cell cycle (29, 30) . The dnaK/J genes are transcribed just before the S phase during the transition from swarmer cells to stalked cells and again in late predivisional cells just before the initiation of DNA replication in the progeny stalked cells (29) . Expression of the groESL operon is also under cell cycle control in C. crescentus, and GroEL levels are higher in predivisional cells (4, 30) . These observations indicated possible roles of DnaK and GroEL chaperones in specific events of the C. crescentus cell cycle.
In bacteria, the major molecular chaperones include the DnaK machine (67) and the GroE machine (GroES and GroEL). Molecular chaperones protect newly synthesized or stress-denatured polypeptides from misfolding and aggregation in the highly crowded cellular environment, often in an ATP-driven process (24, 33) . The C. crescentus dnaKJ (3, 29) and groESL operons (4, 5) , in addition to lon (81) , hrcA/grpE (63) , ftsH (23) , and clpB (69) , are heat shock inducible and are all positively controlled by the specific heat shock sigma factor 32 . The rpoH gene encoding 32 is also heat shock inducible, as one of its promoters was shown to be 32 dependent, indicating that there is autogenous control of rpoH transcription in C. crescentus (62, 82) . Similar to its role in Escherichia coli, DnaK is a negative modulator of the heat shock response in C. crescentus, acting by inhibiting 32 activity and stimulating degradation of this molecule (13) . However, despite the strong effect of DnaK levels on the induction phase of the response, the shutoff of heat shock protein (HSP) synthesis is not affected by changes in the amount of this chaperone. Competition between 32 and 73 , the major sigma factor in C. crescentus, which was shown also to be heat shock inducible, has been proposed as the important factor controlling the downregulation of HSP synthesis during the recovery phase (13) . Moreover, the absence of the chaperone ClpB delays the shutoff of HSP synthesis in C. crescentus. Reactivation of heat-inactivated 73 in this bacterium was shown to be dependent on ClpB chaperone activity, indicating that ClpB levels control downregulation of the heat shock response in C. crescentus (69) .
In E. coli, the ribosome-associated trigger factor (TF) cooperates with DnaK and its DnaJ and GrpE cochaperones to assist in the de novo folding of at least 340 cytosolic proteins. The TF/DnaK-dependent proteins have a broad size range, between 16 and 167 kDa, and the number of multidomain proteins is particularly high (15, 73) . Neither TF nor DnaK is absolutely essential for E. coli viability, but deletion of both of them results in synthetic lethality at temperatures of Ͼ30°C (15, 73) . Other chaperones, including GroES/GroEL, can partially compensate for the combined loss of TF and DnaK (25, 74, 76) . Indeed, the chaperonin GroEL and its cofactor GroES are the only E. coli chaperones that are essential for viability under all growth conditions tested (21, 36) . GroES/EL interact with about 5 to 15% of newly synthesized proteins, and the predominant size range of these proteins is 20 to 60 kDa (8, 19, 38, 39) , suggesting that the GroE system plays a role in the de novo folding of these proteins. Some proteins that are too large to be encapsulated can nevertheless utilize GroEL for folding by cycling on and off the GroEL ring in trans to bind GroES (10) . Recently, Kerner et al. (45) described characterization of the GroEL substrate proteome by a combination of biochemical analyses and quantitative proteomics. Approximately 250 of the ϳ2,400 cytosolic E. coli proteins interact with GroEL in wild-type cells, and the number increases substantially in cells lacking the upstream chaperones TF and DnaK. However, only ϳ85 substrates exhibit an obligate dependence on GroEL for folding under normal growth conditions, occupying 75 to 80% of the GroEL capacity (45) .
Several reports have shown that GroES/GroEL and DnaK/ DnaJ are induced during environmental conditions other than heat shock, such as osmotic and saline stresses, oxidative stress, pH extremes, UV radiation, and the presence of toxic compounds (ethanol, antibiotics, heavy metals, and aromatic compounds) (20, 32, 58, 72) . However, the importance of these chaperones for bacterial survival under these harmful conditions has not been comprehensively investigated. In this work, we analyzed C. crescentus groESL and dnaKJ conditional mutant strains SG300 and SG400 to determine their abilities to survive in the presence of various environmental stresses, including heat shock at 42°C and 48°C, oxidative stress (2.5 mM H 2 O 2 ), a high concentration of ethanol (15%), freezing (Ϫ80°C), saline and osmotic stresses (85 mM NaCl and 150 mM sucrose, respectively), and acquisition of thermotolerance. In addition, we also analyzed the aberrant cell division phenotypes related to the lack of GroES/GroEL and DnaK/DnaJ in C. crescentus.
MATERIALS AND METHODS
Bacterial strains and growth conditions. C. crescentus strains were grown at 30°C in PYE complex medium (57) supplemented with either 0.2% glucose (PYEG) or 0.2% xylose (PYEX). The C. crescentus strains used were NA1000, a holdfast mutant derivative of wild-type strain CB15 (18); SG300, containing the groESL operon under control of the P xylX promoter; and SG400, containing the dnaKJ operon under control of the P xylX promoter (13) .
Determination of cell viability. Strains SG300 and SG400 were tested for sensitivity to different stress conditions, and parental strain NA1000 was used as a control in all experiments. Overnight NA1000 cultures were diluted to an optical density at 600 nm (OD 600 ) of 0.1 in PYE and incubated in a rotary shaker at 30°C for 6 h. Overnight cultures in PYEX of conditional mutants SG300 and SG400 were washed several times in PYE to remove all the remaining xylose, diluted in PYE, PYEX, or PYEG, and incubated at 30°C for 6 h. In PYE and PYEG, this time was long enough to deplete GroES/GroEL or DnaK/DnaJ from the cells. Aliquots of cells were exposed to heat shock at 42°C, 15% ethanol, or 2.5 mM hydrogen peroxide. For each data point, serial dilutions of the cultures were made and plated on PYEX agar plates. Typically, 10 l or 100 l of a 10 Ϫ4 or 10
Ϫ6 dilution was plated in order to obtain a convenient number of colonies for counting (30 to 300 colonies). The plates were then incubated for 2 days at 30°C, and colonies were counted to determine the number of CFU/ml for each time. In the freezing experiments, exponentially growing bacterial cultures were frozen and incubated for up to 144 h at Ϫ80°C, and the numbers of viable cells were determined as described above. The responses to saline and osmotic stresses were also tested with exponential-phase cultures in PYE by adding 85 mM (final concentration) NaCl and 150 mM (final concentration) sucrose, respectively, and incubating the cells for up to 8 h at 30°C. The numbers of viable cells were determined as described above. To test for the involvement of GroES/ GroEL and DnaK/J in induced thermotolerance, mutant strains SG300 and SG400 and parental strain NA1000 were grown in liquid PYE at 30°C for 6 h. Each culture was then divided into two aliquots; one of the aliquots was maintained at 30°C, and the other was incubated at 40°C for 30 min. After this, both aliquots were subjected to heat treatment at 48°C for 60 min. Cultures were then serially diluted in PYE and plated on PYEX agar to determine the numbers of viable cells.
Immunoblot assays. Samples of C. crescentus cells were taken at regular intervals during heat shock or during growth in the absence of xylose, centrifuged, and resuspended in Laemmli sample buffer, and equal amounts of total protein were separated by denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (47) and transferred to nitrocellulose membranes. The membranes were treated as previously described (4) using anti-DnaK and anti-GroEL antisera of C. crescentus (5) . The blots were developed using an enhanced chemiluminescence kit (Amersham). Quantification of the immunoblots was carried out by densitometry scanning of the X-ray films using the ImageMaster-VDS software (Pharmacia Biotech).
Preparation of cells for light microscopy. Overnight cultures of conditional mutants SG300 and SG400 were washed several times to remove the xylose and then diluted to obtain an OD 600 of 0.1 in PYEX or PYEG. Samples were collected after 1, 6, 10, and 24 h of growth, and cell morphology was assessed by light microscopy with a Nikon TE300 microscope, using a Planfluor 100ϫ objective lens. Cells grown for 10 h were stained with a LIVE/DEAD Baclight viability kit to determine the in situ viability or with FM1-43 (Molecular Probes) for fluorescent staining of the cytoplasmic membrane. Cells were prepared by diluting cultures 1:1 with PYE and adding 1 l of mixed LIVE/DEAD stain and then were observed immediately. FM1-43 was added from a 1 mM stock solution in dimethyl sulfoxide directly to the cells in growth medium to obtain a final concentration of 1 M. Samples used for imaging the cells and membranes were mounted on poly-L-lysine-treated slides. SYTO 9 from the LIVE/DEAD kit and FM1-43 were detected using a fluorescein isothiocyanate (FITC) filter (Nikon EF-4 B-2E/C), and propidium iodide was detected with a red band-pass filter (Nikon EF-4 G-1B).
For FtsZ immunolocalization, samples were prepared by methanol fixation as previously described (34) and incubated overnight at room temperature with anti-FtsZ antibody (1:1,000; kind gift from Y. V. Brun). Goat anti-rabbit FITCconjugated secondary antibody was used at a dilution of 1:50 in phosphatebuffered saline containing 2% bovine serum albumin and incubated for 1 h at room temperature. Cells were imaged using an FITC filter, and the images were captured and processed using the Metamorph software, version 4.5 (Universal Imaging, Media, PA).
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RESULTS
GroEL and DnaK levels in conditional mutant strains SG300 and SG400. To analyze the effects of different stresses on the survival of C. crescentus cells lacking the chaperones DnaK/J or GroES/EL, we used conditional mutants SG300 and SG400, which contain single functional chromosomal copies of groESL and dnaKJ, respectively, under control of the xyloseinducible promoter from the xylX gene (13) . Since the regulation of these operons in parental strain NA1000 is complex, we initially compared the levels of GroEL and DnaK in SG300 and SG400 cells under both permissive and restrictive conditions with the corresponding wild-type levels.
As shown in Fig. 1 , the GroEL levels in SG300 cells grown in the presence of xylose were about 50% lower than the levels in NA1000, whereas the opposite situation was observed for DnaK levels in SG400 cells, which were 80% higher than the levels in the parental strain, under the same growth conditions (Fig. 1 ). This probably reflected the strength of the wild-type promoters of each operon compared with the strength of the P xylX promoter. In addition, whereas the GroEL levels were similar in NA1000 and SG400 cells growing in the presence of xylose ( Fig. 1) , the amount of DnaK was 50% larger in SG300 cells grown under the same conditions than the amount in the parental strain (Fig. 1) .
As previously shown (13), when xylose was removed from the culture media, there was a marked reduction in the amount of GroEL in SG300, and this protein was undetectable after 6 h of incubation in the absence of the inducer (Fig. 1) . Concomitantly, there was an increase in the DnaK level ( Fig. 1) , which was 50% higher than the wild-type level under permissive conditions and was threefold higher than the wild-type level in SG300 cells grown without xylose (Fig. 1) . A similar behavior was seen when SG400 cultures were grown in the absence of xylose, and the level of GroEL increased significantly (1.8-fold) as DnaK in the cells was depleted (Fig. 1 ). The increase in the level of DnaK when GroEL in the cells was depleted and vice versa indicated that the absence of each of the chaperones led to accumulation of partially denatured proteins, which caused an increase in the amount of 32 in both cases, as previously described (13) . The increase in 32 levels was shown to be quite large in SG400 cells after the removal of xylose (the levels were about 20-fold higher than wild-type levels); the maximum was reached by 5 h under nonpermissive conditions, and the level remained high even 24 h later. In SG300 cells, the increase in the level of 32 was smaller (2.5-fold lower), with a peak after 5 h of growth without xylose, and the level decreased slowly after this peak (13) . The larger amount of 32 in each depleted mutant strain in turn induced the transcription of heat shock genes, resulting in an increased rate of synthesis of the other chaperone, whose gene was still under control of a 32 -dependent promoter.
DnaK/DnaJ and GroES/EL are necessary during cell growth at different temperatures. Previous work in our laboratory showed that both the DnaK and GroEL proteins are essential for C. crescentus viability, since mutants with deletions in the corresponding genes could be obtained only when a wild-type copy of each gene was provided in trans or when conditional mutants were constructed (13) . As these experiments were carried out with cultures growing at 30°C, we examined whether this was also the case at other temperatures. In fact, in the absence of xylose, mutant strains SG300 and SG400 were not able to form colonies at 16°C, 30°C, or 37°C (not shown). Moreover, SG300 did not form colonies at the highest temperature tested (37°C) even in the presence of xylose (not shown). These results showed that both GroES/EL and DnaK/J were essential at all temperatures tested and that the levels of GroES/EL obtained in the presence of xylose were not sufficient for growth at 37°C.
DnaK/DnaJ are important during heat shock. SG300 and SG400 cells growing in the presence of xylose were just as viable as cells of parental strain NA1000 during exposure to 42°C for 2 h (Fig. 2) . However, when C. crescentus SG300 and SG400 cells grown in the presence of glucose were subjected to the same stress conditions, depletion of DnaK/J led to a marked decrease in viability (the viability was 2,600-fold lower than the NA1000 viability), whereas the viability of cells lacking the GroE proteins was not affected (Fig. 2) . Similar results were obtained when C. crescentus cells were exposed to extreme heat treatment at 48°C for 60 min, and cells with DnaK/J FIG. 1. GroEL and DnaK levels in groESL and dnaKJ conditional mutants. Cells from parental strain NA1000 and from conditional mutants SG300 and SG400, in which the groESL and dnaKJ operons, respectively, are under control of promoter P xylX , were grown at 30°C in the presence or absence of xylose for 6 h. At different times, samples were collected and proteins were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, followed by immunoblotting using antisera against C. crescentus GroEL and DnaK, as described in Material and Methods. Equal amounts of protein were applied to all lanes. FIG. 2 . Induction of DnaK/J synthesis but not induction of GroES/EL synthesis is important for survival after heat shock. Overnight SG300 and SG400 cultures growing in PYEX at 30°C were washed, diluted in PYEX or PYEG, and incubated for 6 h at 30°C. Cells were then transferred to a 42°C water bath with agitation, and samples were taken at different times and plated on PYEX. The survival values are the averages of three independent experiments, and the error bars indicate the standard deviations. Light gray bars, SG400 diluted in PYEX; open bars, SG400 diluted in PYEG; black bars, SG300 diluted in PYEX; dark gray bars, SG300 diluted in PYEG.
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depleted exhibited much greater sensitivity than cells with GroES/EL depleted (Fig. 3) . Interestingly, SG300 cells with the GroE proteins depleted survived in the presence of this extreme temperature better than parental strain NA1000 cells survived (Fig. 3) . The DnaJ/DnaK chaperone machine was also shown to be necessary for C. crescentus cells to acquire thermotolerance to extreme temperatures. Cultures of SG400 preincubated at 40°C for 30 min survived exposure to 48°C as well as the wild-type cells only when xylose was present in the growth medium (Fig. 3) . In contrast, there was a significant increase in the ability SG300 cells growing under restrictive conditions to survive exposure to 48°C when cells were pretreated at 40°C (Fig. 3) . This was probably due to the higher levels of DnaK/DnaJ present in SG300 cells in all conditions tested (Fig. 1) . Thus, these results indicated that the presence of DnaK/DnaJ is very important for the survival of cells exposed to heat stress, whereas GroES and GroEL are not necessary. DnaK/DnaJ are involved in the survival of cells exposed to ethanol and freezing. Several other stresses were tested in cells with DnaK/DnaJ or GroES/GroEL depleted in order to assess the roles of these chaperones in cell survival after exposure to different environmental conditions. Strain SG400 grown in the absence of xylose was about six times more sensitive to 15% ethanol than wild-type or SG300 cells were under the same conditions (Fig. 4A) , indicating that DnaK/J but not GroES/EL is important for protecting C. crescentus cells against the deleterious effects of ethanol, such as dehydration, membrane disturbance, and the resulting protein denaturation.
It was recently shown that C. crescentus cells are quite resistant to freezing (E. Lang and M. V. Marques, personal communication). We observed that NA1000 cultures kept frozen at Ϫ80°C for several days in the absence of any antifreezing agent were 100% viable when they were plated on nutrient medium at 30°C. The same behavior was observed with SG300 cells in which GroES/EL were depleted or not depleted. However, SG400 cells lacking DnaK/J were more sensitive to freezing, exhibiting decreased viability (80%) after incubation for 1 h at Ϫ80°C; only 30% of the cells were still viable after incubation for 18 h or more (Fig. 4B) .
GroES/GroEL are important during oxidative, osmotic, and saline stresses. Even though GroES/EL were shown to be dispensable for survival of C. crescentus cells exposed to heat shock, ethanol, and freezing, their presence during oxidative, saline, and osmotic stresses was found to be very important. As shown in Fig. 5A , SG300 cells lacking GroES/EL were 10-fold more sensitive to incubation with 2.5 mM H 2 O 2 for 60 min than wild-type cells or SG400 cells with DnaK/J depleted. In addition, the presence of 150 mM sucrose in the growth medium resulted in a fivefold decrease in the viability of SG300 cells with GroES/EL depleted compared with the viability of the wild-type cells after 8 h of incubation under osmotic stress conditions. Exposure to 85 mM NaCl had an even more pronounced effect, as only 2% of SG300 cells growing in the absence of xylose were viable after 8 h of saline stress (Fig. 5B) . Under the same conditions, SG400 cells with DnaK/J depleted   FIG. 3 . Absence of DnaK/J makes SG400 cells incapable of acquiring thermotolerance. Cultures of strains SG300 and SG400 were incubated at 30°C for 12 h in PYEX, and cells were subsequently washed, diluted in PYEX or PYEG, and incubated for 6 h at 30°C. A similar procedure was used for parental strain NA1000, except that only PYE was used. One half of the cultures were preconditioned for 30 min at the nonlethal temperature (40°C) (gray bars), while the other half of the cultures were preincubated at 30°C (open bars). The cultures were then exposed to 48°C for 30 min, and cell survival was evaluated after dilution and plating on PYEX agar. The values are the levels of cell survival (averages of three independent experiments) compared with the survival of control cultures grown in the absence of stress. The error bars indicate standard deviations.
FIG. 4. Depletion of DnaK/J makes cells more sensitive to ethanol and freezing. (A)
Overnight cultures of SG400 or SG300 in PYEX were washed, diluted in PYEX or PYEG, and incubated for 6 h at 30°C for depletion of DnaK/J or GroES/EL. The cultures were then exposed to 15% (vol/vol) ethanol, and samples were collected at different times and plated on PYEX. (B) Samples of the 6-h cultures were frozen at Ϫ80°C without any supplement. At different times, aliquots were transferred to room temperature, allowed to defrost, diluted, and plated on PYEX. The bars indicate the averages of three independent experiments, and the error bars indicate standard deviations. Light gray bars, SG400 diluted in PYEX; open bars, SG400 diluted in PYEG; black bars, SG300 diluted in PYEX; dark gray bars, SG300 diluted in PYEG.
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or not depleted ( Fig. 5B and C) and NA1000 cells (not shown) showed no loss of viability. Viability and morphology of cells with DnaK/J or GroES/EL depleted. Viability studies of SG300 and SG400 cells growing under permissive or restrictive conditions were also carried out using the LIVE/DEAD BacLight staining mixture (Molecular Probes), which distinguishes viable bacterial cells from dead cells on the basis of membrane integrity and has been used to monitor damage to bacterial populations (75) . Our studies with LIVE/DEAD staining showed that SG300 cultures contained 48% viable cells after 10 h of growth at 30°C in the absence of xylose, whereas in the presence of xylose 95% of the cells were still viable (not shown). In contrast, depletion of DnaK/DnaJ did not seem to significantly affect the viability of SG400 cells during growth for up to 10 h under restrictive conditions, since 93% of the cells were found to be viable under these conditions (not shown).
Determination of the number of CFU by plating SG300 cells growing at 30°C in the absence of xylose revealed a steady decrease in viability starting after 6 h of incubation in the absence of xylose, and the level of viability was very low after 24 h (Fig. 6A ). In agreement with LIVE/DEAD staining results, there was a much smaller decrease in the viability of SG400 cells even after 24 h of incubation in absence of xylose (Fig. 6B) . The increase in cell mass, as determined by measuring the OD 600 of the cultures, also agreed with the LIVE/ DEAD data; i.e., SG400 cultures growing in the absence of xylose produced a growth curve similar to that of the parental cell culture up to 12 h, whereas the SG300 growth curve deviated significantly from the growth curve for the parental strain after 8 h of incubation without xylose (not shown).
Morphologically, cells with either GroES/EL or DnaK/J depleted were elongated, suggesting that there was a defect in cell division in both cases, although large differences between FIG. 5. Depletion of GroES/EL results in increased sensitivity to oxidative, osmotic, and saline stresses. Overnight cultures of SG400 or SG300 in PYEX were washed, diluted in PYEX or PYEG, and incubated for 6 h at 30°C. The cultures were divided and exposed to 2.5 mM H 2 O 2 (A), 85 mM NaCl (B), or 150 mM sucrose (C), and samples were collected at different times and plated on PYEX. The values are the levels of cell survival (averages of three independent experiments) compared with the survival of control cultures grown in the absence of stress. The error bars indicate standard deviations. Light gray bars, SG400 diluted in PYEX; open bars, SG400 diluted in PYEG; black bars, SG300 diluted in PYEX; dark gray bars, SG300 diluted in PYEG.
FIG. 6. Survival of mutant strains SG300 and SG400 under restrictive or permissive growth conditions. Cultures of strains NA1000 (A and B), SG300 (A), and SG400 (B) were grown in PYEX or PYEG liquid medium at 30°C and monitored through the logarithmic and stationary growth phases. The numbers of CFU were determined at different times by plating cell samples on solid medium (PYEX). The values are the averages of three independent experiments. F, SG300 grown in PYEX; E, SG300 grown in PYEG; OE, SG400 grown in PYEX; ‚, SG400 grown in PYEG; ■, NA1000. the two strains were observed. Cells with GroES/EL depleted formed very long filaments (Fig. 7B ), whereas cells with DnaK/J depleted were only somewhat more elongated than wild-type predivisional cells (Fig. 7D ). In addition, in the absence of DnaK/J some cells seemed to lose the vibrioid shape, especially 24 h after xylose was removed (Fig. 7F) . Most SG300 cells grown for 10 h in the absence of xylose were found to be 8 to 13 m long, while the cells grown with xylose were 2 to 3.4 m long, in agreement with the size distribution pattern for wild-type cells (not shown). Therefore, depletion of GroES/EL led to fourfold-longer cells. In contrast, SG400 cells with low levels of DnaK/J were only 1.4-fold longer than the cells grown in the presence of xylose or than wild-type cells (not shown).
DnaK/J and GroES/EL are required for C. crescentus cell division. To better characterize the effect of DnaK/J or GroES/EL depletion on C. crescentus cell division, a membrane dye (FM1-43 from Molecular Probes) was used to assess whether septa were formed in SG300 and SG400 elongated cells.
Most SG300 cells with GroES/EL depleted had deep, irregular constrictions along the filaments, and only a few cells (ϳ4%) lacked such constrictions (Fig. 8B) . The position of the division sites was quite variable in these cells, and some filaments consisted of long unpinched segments adjacent to minicells or cells that were the regular size. In contrast, only 11% of the SG400 cells with DnaK/DnaJ depleted had a septum or shallow constriction in the middle of the cell (Fig. 8D) . The same strains grown under permissive conditions (Fig. 8A and  C) , as well as wild-type strain NA1000 (not shown), had one septum per cell in about 35 to 41% of the population, corresponding to the percentage of predivisional cells in a normal mixed-cell population.
Since an important step in septum formation is the appearance of a Z-ring in the equatorial region of the cell, an antiFtsZ antibody was used to visualize this structure by immunofluorescence microscopy. Again, the results obtained for SG300 and SG400 cells grown in the presence of xylose were similar to the results obtained for NA1000 cells: a Z-ring was present in 70% of the cells, corresponding to the percentage for predivisional cells and for stalked cells in transition to predivisional cells (Fig. 9A and C) . Cells that lacked a Z-ring were swarmer or stalked cells in the first stages of chromosome replication. Under restrictive conditions, however, 92% of the SG300 cells had Z-rings (Fig. 9B) , in contrast to only 8% of the SG400 cells (Fig. 9D) . These results indicated that depletion of FIG. 7 . Altered morphology of SG300 and SG400 cells lacking GroES/L or DnaK/J. Strains SG300 (A and B) and SG400 (C to F) were grown in PYEX (A, C, and E) or PYEG (B, D, and F). Cells were visualized by light microscopy using a 100ϫ objective and differential interference contrast optics after 10 h (A to D) and 24 h (E and F) of incubation at 30°C. 
DISCUSSION
Several lines of experimental evidence demonstrated that heat shock proteins not only have essential functions at high temperatures or under harsh environmental conditions but also have important roles under physiological growth conditions. In agreement with this, we report here that both GroES/ GroEL and DnaK/DnaJ are essential for C. crescentus growth at all temperatures tested (37°C, 30°C, and 16°C). A similar observation was made for E. coli GroES/GroEL (21), whereas DnaK was found to be essential only at high temperatures (9) . Furthermore, DnaK is not required for growth of Bacillus subtilis at temperatures ranging from 16 to 52°C (67), whereas GroES/EL are essential both at normal temperatures and during heat stress (51).
Our results indicate that during heat shock there is major involvement of DnaK/J compared to the involvement of GroES/EL, since a lack of DnaK/J had a great impact on cell survival at high temperatures (both 42°C and 48°C), whereas the percentage of cells that survived in the absence of GroE proteins was similar to or even higher than the percentage of parental cells that survived after exposure to 42°C or 48°C. The importance of the role of DnaK/J at high temperatures is further supported by our observation that only these chaperones were essential for acquisition of thermotolerance. These results are consistent with the suggestion that DnaK/J have a greater role as molecular chaperones than GroES/EL (11, 16) .
The observation that the absence of GroES/EL did not make SG300 cells more sensitive to heat shock could be explained by the presence of higher levels of DnaK at 30°C in these cells both in the presence and in the absence of xylose compared to the levels in parental cells (1.5-and 3-fold-higher levels, respectively).
Similarly, DnaK/J seemed to play a more important role than GroES/EL played when C. crescentus cells were exposed to high ethanol concentrations. This was probably due to the fact that ethanol mimics the effects of high-temperature stress and induces a response similar to the heat shock response (2, 55, 56, 68) . As expected, ethanol stress caused a transient increase in 32 levels and a gradual increase in DnaK and GroEL levels in C. crescentus (data not shown).
Recently, our laboratory reported that the absence of ClpB makes C. crescentus cells more sensitive to heat shock and ethanol and that this chaperone is needed for acquisition of thermotolerance (69) . Based on the similar phenotypes of the clpB null mutant and the dnaK mutant under restrictive conditions, we believe that DnaK and ClpB may act synergistically, preventing and solubilizing protein aggregates during heat shock and ethanol stress in C. crescentus, as previously proposed (28) .
During oxidative stress, enzymes and cell structures are damaged, leading to a loss of viability in bacterial populations (20, 42, 71) . In several bacteria, it has been shown that the oxidative stress response overlaps other stress responses, such as the heat shock, starvation, and SOS responses (71) . Expression of GroEL and DnaK is induced during treatment with H 2 O 2 in several bacteria (17, 20, 32) , as well as in C. crescentus (data not shown). In addition, it has been reported that Haemophilus ducreyi cells with lower GroEL levels have a diminished ability to survive when they are challenged by oxidative stress (56) and that E. coli dnaK mutants are able to develop an adaptive H 2 O 2 resistance (64) .
The present work showed that C. crescentus cells with low levels of GroES/EL are more sensitive to oxidative stress induced by H 2 O 2 than the parental strain is, while cells with DnaK/J depleted have the parental phenotype. This result may be explained by the reported ability of GroEL to function under oxidative stress conditions and to be highly resistant to oxidative damage compared to other proteins (53, 54) .
Our data also showed that GroES/GroEL are essential for C. crescentus during salt and osmotic stresses. When exposed to osmotic upshifts, bacteria respond in three overlapping phases: dehydration, adjustment of cytoplasmic solvent composition, and rehydration and cellular remodeling (80) . Similar effects occur when cells are subjected to high concentrations of salt (43) . The reason why GroES/GroEL are needed for C. crescentus survival in high-osmolarity conditions could be the chaperoning of newly synthesized proteins that are rapidly upregulated upon osmotic shock (e.g., the proteins of the K ϩ transporter, KdpACDF) and/or the refolding of polypeptides damaged as a result of water efflux (6, 43) . It has been shown that many outer membrane proteins, such as OmpA, OmpC, OmpF, and murein lipoprotein, have a partial GroES/EL re- quirement in E. coli (45) . GroES/EL may also participate in the translocation and insertion into the membrane of transporters involved in the osmotic response. In fact, several reports have shown that GroEL can form complexes with native membrane proteins in vitro (7, 14, 70) . Lecker et al. (50) showed that there is a stable interaction between GroEL and a presecretory protein (proOmpA), maintaining an open conformation, which is essential for translocation.
The importance of GroES/EL for survival during osmotic and salt stresses is reflected by the higher groESL promoter activity in C. crescentus under these conditions (not shown). In agreement with a less important role for DnaK/J in cell survival, dnaKJ promoter activity increases less under these stress conditions (not shown).
For cold shock and freezing, the absence of DnaK/J resulted in a decrease in the ability of C. crescentus cells to survive in freezing temperatures, whereas the absence of GroES/EL had no effect. Protein renaturation after cold shock and freezing seems to be more crucial to bacteria than during these stresses; therefore, the chaperones are more important in the recovery phase. In E. coli, it was also shown that it is mainly DnaK that allows cells to survive after freezing, as a dnaK mutant performed worse than a groEL mutant during recovery from this stress (11) .
The fact that groESL and dnaKJ expression is regulated during the C. crescentus cell cycle indicates that these chaperones have important roles in events related to chromosome replication and partition and/or cell division. Bacterial cell division involves several genes, and their products might require chaperones to function properly. One of the major cell division determinants, the tubulin homologue FtsZ, is present in almost all eubacteria and archaea, as well as in some intracellular organelles of eukaryotic cells. FtsZ localizes specifically to the midcell division site, where it forms the cytokinetic Z-ring, which constricts the cell membrane during septation. In both E. coli and C. crescentus, ftsZ mutant strains form unpinched elongated cells due to their inability to initiate cell division (1, 78) . FtsA, an actin homologue, is required for cell division progression in C. crescentus, since cells lacking FtsA form filaments that have several constrictions, indicating that cell division has initiated but stalled at a later point than it stalls in ftsZ mutants (52) . This phenotype was also observed in Caulobacter cells lacking GroES/EL, where several Z-rings were detected in the filaments. This observation indicated that cell division was inhibited at a stage consistent with the time when the level of expression of the groESL operon was maximum, which was the predivisional cell stage (4) .
In E. coli, FtsE, ParC, and MreB, which are required in later stages of cell division, were found to be obligatory substrates for the GroE machine (45) . Whereas FtsE participates directly in cell division and is important for assembly or stability of the septal ring in E. coli (66) , DNA topoisomerase IV, which is the product of the parC and parE genes, is required for polar localization of the origin of replication and for chromosome segregation in C. crescentus (77, 79) . Incubation of parC and parE temperature-sensitive mutants at the restrictive temperature results in the formation of filamentous chains of cells pinched at multiples sites (79) , similar to the phenotype of cells with GroE proteins depleted. Inactivation of the actin homologue MreB is lethal and pleiotropic in C. crescentus (22, 26) and disrupts multiple cellular processes, including chromosome dynamics, determination of the cell shape, polar protein localization, and cell division (27) . The possibility that many proteins related to various stages of the cell cycle and cell morphogenesis could be partially or completely inactive due to a lack of GroES/EL could explain the heterogeneity of SG300 phenotypes under restrictive conditions. After 10 h under restrictive conditions, cells lacking DnaK/J are only slightly more elongated than wild-type predivisional cells, indicating that there is a putative arrest of the cell cycle. Cells with DnaK/J depleted also show inhibition of septum formation, since only 8% of the cells have a septum or are constricted in the midcell region. The absence of Z-rings from most cells indicates that blockage of septum formation may occur at the initial stage of cell division. These results are consistent with the hypothesis that cells with DnaK/J depleted are arrested at an early stage of the cell cycle, probably at the initial steps of chromosome replication or segregation.
It is well known that initiation of replication and chromosome segregation in C. crescentus is coupled with cell division and differentiation (59) . This occurs because inhibition of replication by CtrA blocks the complete formation of a septum, since cell division progression requires expression of ftsA and ftsQ, which is dependent on DNA replication. Without FtsA and FtsQ, the Z-ring is dismantled (52) and the division process cannot proceed. During the transition from swarmer cells to stalked cells, CtrA is degraded (60) , while the DnaA levels increase (31) . The presence of DnaA, and not just the absence of CtrA, is required to trigger an increase in GcrA levels and to start the next wave of cell cycle transcription, which includes the expression of genes encoding nucleotide biosynthesis and DNA replication enzymes. Thus, DnaA not only initiates DNA replication but also promotes expression of the components necessary for successful chromosome duplication. DnaA also activates transcription of ftsZ and podJ, starting the cell division and polar organelle biogenesis processes that, in addition to DNA replication, prepare the cell for asymmetric division (37) .
Interestingly, the morphology of C. crescentus cells with DnaA depleted (37) is similar to that of cells with DnaK/J depleted. Thus, it is possible that the arrest in the SG400 cell cycle is a consequence of DnaA inactivation in the absence of DnaK. In agreement with this hypothesis, dnaK transcription in C. crescentus precedes the S phase, right at the transition between swarmer cells and stalked cells, when DNA replication initiates (29) . This is also consistent with previous genetic and biochemical evidence suggesting that DnaK/J chaperones could be involved in DNA replication in E. coli. It has been demonstrated that these chaperones could protect DnaA from aggregation and could dissociate DnaA aggregates in vitro, thus allowing the initiation of oriC DNA replication (40, 41, 46) .
Besides the putative cell cycle arrest observed in the absence of DnaK, we also noted that after 24 h in the absence of xylose, SG400 cells became more elongated and lost the vibrioid shape characteristic of C. crescentus. This might indicate that DnaK/ DnaJ also have a chaperone role in cell shape maintenance, perhaps by interacting with the intermediate filament-like protein crescentin (G. Charbon and C. Jacobs-Wagner, personal communication). VOL. 188, 2006 DISTINCT ROLES OF GroES/EL AND DnaK/J IN CAULOBACTER 8051
It is important to note, however, that the effects on cell division observed here could have been the result of multiple factors, many of which are not directly related to septum formation. Since GroES/EL and DnaK/J can act on many different substrates, their absence could result in pleiotropic alterations in bacterial physiology.
In conclusion, we showed that DnaK/DnaJ and GroES/ GroEL have important but distinct roles in C. crescentus both under normal physiological growth conditions and under different environmental stress conditions. Characterization of the specific substrates of these chaperones is now fundamentally important for unraveling their actual roles in the various biological processes analyzed here.
